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vice structures both for studying the intrinsic electrical properties of the nanocrystals and for nanoscale optoelectronic applications.
The tunable electronic and optical properties of semiconductor nanocrystals and their lowcost solution processing make them attractive building blocks for designer solids and for various optoelectronic applications. However, it is only with nanoscale control of their assembly and placement on a surface that nanocrystal solids can be used for nanoelectronic and nanophotonic circuits, 1 LED nanodisplays, 2,3 diffraction gratings, 4 and the capture and detection of individual biomolecules. 5, 6 Moreover, crack-and cluster-free nanocrystal films that are integrated into devices with nanoscale precision open the possibility of studying the nanoscopic electronic dynamics of these artificial solids. Investigating charge transport in the localized states of the nanocrystals is important for their application in optoelectronic devices, and more generally for acquiring a deeper understanding of charge transport in localized electronic states, which arise in technologically important materials such as amorphous semiconductors, organic materials and semiconductor nanostructures. Finally, eliminating structural defects in the films, such as cracks and clustering, and their effect on charge transport is an essential step toward realizing a nanocrystal solid that exhibits the predicted charge correlations. 7 Prior methods for assembling nanocrystals into patterened structures on a substrate fall into three main categories. The first entails functionalizing the nanocrystals with a ligand to control the interaction between the nanocrystals and a surface. For example, nanocrystals can be photopatterned by functionalizing them with a photosensitive ligand that renders them insoluble when exposed to ultra-violet light. [8] [9] [10] Another example is by Tsuruoka et al. who immobilized nanocrystals on a surface by functionalizing the nanocrystal with a ligand that binds to the substrate. 11 These techniques do not form close-packed films, and the patterns are limited to microscale resolution.
A second method uses a nanopatterned template that guides the assembly of the nanocrystals. Son et al. nanopatterend a block copolymer thin film, and assembled nanocrystals in the grooves on the surface of the polymer film. 12 Another related technique takes advantage of capillary forces to drive nanocrystals into trenches etched into a substrate 13 or in a polymer film. 14 These techniques attain nanoscale control over the formation and placement of the nanocrystals on a specialized surface, but do not allow the integrated device fabrication necessary for the aforementioned applications. A third class of patterning techniques is printing: microcontact printing, 2,4,15 inkjet printing, 16 and nano-imprint lithography of a nanocrystal-polymer composite. 17 Microcontact printing achieves nanoscale patterns, but it is highly sensitive to the chemical compatibility of the nanocrystal solution, the stamp and the substrate; the nanocrystals must preferentially adhere to the substrate over the polymer stamp, which tends to exclude prevalent device surfaces like silicon dioxide ostensibly because its hydrophilicity is incompatible with hydrophobic ligands. Moreover, stamps offer only limited control over the placement of the pattern onto the surface. Ink-jet printing eliminates the constraints on chemical compatibility that exist with a stamp, but at the cost of pattern resolution because droplets are 50-100 µm in size. The challenge remains to form nanoscale films of semiconductor nanocrystals that can be integrated into a device structure with nanoscale precision.
An additional requirement of nanocrystal films for many of the aforementioned applications is that they be electrically conductive and free of structural defects such as cracks and clusters. When nanocrystals are drop-casted onto a surface, they tend to form clusters as shown in Figure 1 Experiments by Mics et al. indicate that when clustering is present, the measured conductivity of nanocrystal films differs from the intrinsic conductivity of the nanocrystals. As such, clustering diminishes the efficiency of charge transport in nanocrystal films in optoelectronic and other device applications. It also makes it impossible to study the charge dynamics intrinsic to the nanocrystals, and is thus a barrier to realizing nanocrystal-based designer solids.
In addition to clustering, cracks in the films can be a compounding problem. The electrical current in drop-casted nanocrystal films is typically immeasurably small because the electronic coupling between nanocrystals, as determined by the size of the native capping ligand, is weak. [18] [19] [20] [21] To increase the coupling strength of the nanocrystals, either the film is annealed 18, 22, 23 or the na-tive capping ligand on the nanocrystal is exchanged for a smaller molecule by immersing the film in a solution containing the smaller molecule. 20, 24, 25 In both of these approaches, there is a strong driving force that creates cracks in the film, adding to the structural defects. [ Figure 1 (c) shows an annealed film]. Despite the clusters and cracks, it has been possible to study charge transport in these films because current may flow through a continuous pathway that connects the clusters; or, a second layer of nanocrystals can be deposited to fill in the voids between clusters. 20 All studies of charge transport that we are aware of have been performed on films of micrometer dimensions or larger, and involve annealing or a ligand exchange, which makes it likely that structural defects are influencing the transport properties. Eliminating structural defects is important for investigating the intrinsic charge transport properties and for optimizing the transport efficiency in micron-scale films or larger, and in nanoscale films it is essential for enabling charge transport of any kind. When voids of the order of tens or hundreds of nanometers arise in nanopatterned films, a complete break in the film can make it impossible for charge to flow at all.
In this Letter, we present semiconductor nanocrystal films of nanoscale dimensions that are electrically conductive without clustering or cracks. To assemble the nanocrystals into nanoscale patterns, we use electron-beam lithography followed by nanocrystal deposition and lift-off. The technique uniquely combines the following characteristics: nanocrystal films with features as small as 30 nm; controlled placement of nanocrystal films onto a surface or into a device structure with nanoscale precision (≈30 nm); flexibility in choice of nanocrystal core material, ligand, and solvent; flexibility in the choice of substrate; and structurally continuous films with a measurable electrical current. We perform electrical measurements of these films and find that the electrical conductivity is 180 times higher than what is found in larger-scale films. The nanoscale size of the film is essential to eliminating defects so that we can measure the intrinsic electronic properties of the nanocrystals. With these nanopatterned films, it is now possible to probe the electronic dynamics of an ordered array of localized sites formed by the nanocrystals and to incorporate nanocrystal films into nanoelectronic and nanophotonic circuits as well as nanoscale optoelectronic devices and sensors. nm long) is completely replaced with n-butylamine (≈0.6 nm long). 28, 29 The nanocrystals are precipitated a third time with isopropanol, redissolved in a 9:1 hexane:octane mixture, and passed through a 0.1 µm filter. In Figure 2 , transmission electron micrographs (TEM) of a monolayer of PbS nanocrystals before and after exchanging the ligand reveal decreased inter-nanocrystal spacing with the n-butylamine cap, as expected.
Drop-casting the nanocrystals into the trenches and lift-off are performed in the glovebox. We tune the concentration of nanocrystals in solution to ≈85 µmol per liter. We drop cast 1 µL of this solution on the surface and allow it to dry for ten minutes. For lift-off, we put the substrate into a vial of acetone to dissolve the remaining PMMA, leaving a 50-nm-thick film of nanocrystals on the substrate whose shape is defined by the pattern in the PMMA. In traditional lift-off processes, care is taken to avoid depositing the film on the sidewalls of the PMMA. In contrast, the hydrophobic ligands on the surface of the nanocrystals have an affinity for the PMMA and coat the sidewalls of the trenches patterned in the PMMA. To ensure that the nanocrystal film tears cleanly at the boundary of the patterns, we sonicate the substrate in the vial of acetone for three seconds. Longer sonication times may cause tears in nanoscale features of the film.
The resulting films are robust and remain bound to the surface even when immersed in nonpolar solvents like hexane or octane in which the nanocrystals are normally soluble. We hypothesize that during the lift-off process, acetone removes the ligands from the surface of the nanocrystals on the outermost layer of the film rendering the film insoluble. We speculate that the ligand is being removed from only the top layer because the nanopatterned films fluoresce (as shown in Figures 3 and 4) , which would not be the case if the ligands were absent. More details on the patterning process can be found in the Supporting Information.
In Figures 3 and 4 To measure the electrical conductance of the films, we pattern a nanocrystal film approximately 130 nm thick (≈22 monolayers) between two gold electrodes, as shown in Figure 5 (a). The pattern is 350 nm wide at its narrowest point, and from the current-voltage characteristic, which is Ohmic at low voltages [ Figure 5 (b)], we find the zero-bias conductivity to be 17 µS/cm. We pattern a second film that is rectangular with dimensions 50 nm thick, 2 µm wide, and 1 µm long and find that the conductivity is equal. To compare the conductivity of the patterned films with drop-casted, microscopic films, we fabricate device structures of the kind illustrated in Figure 1(a) and drop cast on them the same PbS nanocrystals with an n-butylamine capping ligand. The morphology of the resulting films is as shown in Figure 1(b) . We measure one film that is 300 nm thick, 800 µm wide and 2 µm long and two that are 40 nm thick, 800 µm wide and 2 or 5 µm long. We plot the conductance versus the dimensions of the films in Figure 5 (c). The conductivity σ is calculated from the relationship G = σ tw l where G is the conductance, l is the length, t is the thickness, and w is the width of the film. The plot illustrates that the conductivity of the crack-free, nano-patterned films is higher than the conductivity of the unpatterned, drop-casted films, which exhibit structural disorder. 30 The conductivity of the unpatterned, microscopic films is approximately 0.09 µS/cm, a factor of 180 lower than the nanoscopic films. By eliminating the clustering, we unconver a new regime of charge transport in semiconductor nanocrystal films. Forthcoming work by the authors will explore this in greater detail.
Another technological benefit of our method for forming nanoscale films is that we are able to remove the patterned films from the substrate and to recycle the substrate if necessary. By submerging the substrate with the film in a solution of 19:1 octane:n-butylamine and heating it to 100 • C overnight, the films dissolve into the solution. We chose octane as a solvent because its boiling point (125 • C) is higher than that of other commonly used solvents like hexane (boiling point of 68 • C), and the solution does not evaporate when we raise the temperature for a prolonged period. We believe that when we immerse the film in a heated solution containing the n-butylamine ligand, we drive the ligand back on the surface of the outermost layer of nanocrystals, first enabling the outermost layer of nanocrystals to redissolve in the solution and subsequently the remaining nanocrystals to do so as well.
We have demonstrated nanoscale patterns of semiconductor nanocrystals that are electrically conductive and structurally continuous. Using electron-beam lithography and lift-off, we achieve patterns with 30 nm resolution that can be integrated into a device structure with 30-nm precision. The process allows flexibility in the choice of nanocrystal core material, ligand and solvent Figure 1 , and the dimensions of the film are 800 µm wide, between 40 and 300 nm thick, and either 2 or 5 µm wide. The conductivity of the nanoscopic films is 180 times higher than what is found in the microscopic films.
without constraints on the choice or design of the substrate. We have performed the first electrical measurements of nanocrystal films of nanoscale dimensions that are free of the clustering and cracks typically found in films of micrometer dimensions or larger. The electrical conductivity of the patterned, nanoscale films is 180 times higher than the conductivity of larger, drop-casted films in which the nanocrystals form clusters. This technique for pattering nanocrystal films opens the possibility of studying the nanoscopic charge dynamics in the localized states of the nanocrystals. Eliminating structural defects is an essential step toward realizing the charge correlations predicted in ordered nanocrystal arrays. Finally, the ability to control the formation of nanocrystal films with nanoscale resolution makes it possible to use nanocrystal films in applications such as nanoelectronics, nanophotonics, LED nanodisplays, and nanoscale detection of biomolecules.
